China experiences frequent and severe haze outbreaks from the beginning of winter. 21
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in aluminum foil and then stored in a refrigerator. WINSOC and EC were obtained from the 120 water-filtered sample with an off-line carbon analyzer (Sunset Laboratory, Inc.) using the 121 thermo-optical transmittance method (NIOSH 870). 122
Radiocarbon measurements 123
Isolation procedures for the 14 C measurements of WSOC, WINSOC and EC have been 124 described previously (Liu et al., 2016b;Liu et al., 2013b). Two filters, based on the PM2.5 125 concentrations at each site, were used for 14 C determination of WSOC, WINSOC and EC, to 126 distinguish between FF and NF emissions. To obtain the WSOC, WINSOC and EC fractions from 127 a single punch filter, a circular section of the punch filter was clamped in place between a filter 128 support and a funnel and then 60 ml ultra-pure water was slowly passed through the punch filter 129 without a pump, allowing the WSOC to be extracted delicately. WSOC was quantified as the total 130 dissolved organic carbon in solution using a total organic carbon (TOC) analyzer (Shimadzu 131 TOC_VCPH, Japan) following the nonpurgeable organic carbon protocol. WSOC solution was 132 freeze-dried to dryness at -40 °C. The WSOC residue was re-dissolved with ~500 µl of ultra-pure 133 water and then transferred to a pre-combusted quartz tube, which was then placed in the freeze 134 dryer. After that, the quartz tube was combusted at 850 °C . The remaining carbon on the filter was 135 identified as WINSOC or EC by an OC/EC analyzer (Sunset, U.S.). After WSOC pretreatment and 136 freeze-dried, OC is oxidized to CO2 under a stream of pre-cleaned oxygen pure analytical grade 137 O2 (99.999%, 30 ml min -1 ) during the pre-combustion step at 340°C for 15 min. Before the OC is 138 oxidized, the sample is first positioned in the 650 °C oven for about 45 s flash heating. This flash 139
heating has the advantage of minimizing pre-combustion charring, since it reduces pyrolysis of 140 OC. After the OC separation, the filters were removed from the system, placed into a mufflesystem and oxidized under a stream of pure oxygen at 650°C for 10 min to analyze the EC 143 fraction. Finally, the corresponding evolved CO2 (WSOC, WINSOC, and EC) was cryo-trapped, 144 quantified manometrically, sealed in a quartz tube and reduced to graphite at 600 °C using zinc 145 with an iron (200 mg, Alfa Aesar, 1.5-3 mm, 99.99%) catalyst for accelerator mass spectrometry 146 (AMS) target preparation. Approximately 200 µg of carbon was prepared for each carbon fraction. 147 ; less than 5% carbon) and no 155 field blank subtraction was made for 14 C determination. The system blank F 14 C was 156 0.0036(SD=0.0001), which translated to a 14 C age of around 45,000 years BP.major components of PM2.5, accounting for 13 ± 8% and 2 ± 1% of PM2. China (from 85 μg m -3 in Guangzhou to 123 μg m -3 in Wuhan). Shanghai, in the eastern coastal 173 region, had the lowest average PM2.5 concentration (67 ± 43 μg m -3 ). The ratio of total organic 174 matter (TOM; 1.6 × OC + EC) to total fine particle mass ranged from 17.4% to 32.6%, except in 175
Guiyang. Cities in central and southern China, such as Chengdu, Wuhan, Nanjing, and Guangzhou, 176 had a higher ratio of TOM to PM2.5 than other cities. Moreover, the OC/EC ratios in those cities 177 were also higher, with values ranging between 8.1 and 12. The spatial distribution pattern closely 178 reflected energy consumption and regional climate differences. In particular, Guiyang, which is a 179 developing city located on the Western plateau, had a high level of PM2.5 (227 ± 77 μg m -3 ), 180 comparable to that in northern China, but also had the lowest levels of OC and EC. Moreover, the 181 TOM to PM2.5 ratio was only about 6.0%. This indicates that there are different chemical sources 182 in this developing city compared to megacities in China.
50-79%), at all sites, than FF sources, which underscores the importance of NF sources to 187 carbonaceous aerosols during early winter in China. 188 EC is only formed by primary emissions, which are inert in ambient air and originate either 189 from BB or FF combustion. In this study, about half of the EC was derived from BB in the 10 190 urban cities (average 46 ± 11%; range: 24-71%), which represents a slightly higher proportion 191 than that for the same cities in winter and spring, but is similar to previous studies performed in 192 Beijing, Lanzhou, Chengdu and Guiyang) (49~63%), where Guiyang had the largest proportion of 203 BB in EC (63 ± 12%), followed by Beijing (50 ± 2.0%), Chengdu (50 ± 1.8%), Wuhan (48 ± 10%) 204
and Nanjing (47 ± 5%); this shows that there are large amounts of BB emissions (e.g., from 205 biofuel burning and outdoor fires) in western and central China during early winter. This 206 phenomenon was also found in central China during the severe haze episode that occurred over 207 
p=0.000). 216
Over half of the OC fraction was from NF sources at all sites (range: 54-82%), with an 217 average NF source contribution of 68 ± 7%, comparable to previous study reported in four 218
Chinese cities during 2013 winter (Xi'an, Beijing, Shanghai and Guangzhou were 63%, 42%, 51% 219 and 65%, respectively) (Zhang et al. 2015a ). Generally, the fm spatial distribution of OC is similar 220 to that of EC, with NF sources contributing more in central China. Here, OC was divided into 221 WSOC and WINSOC, which has been separated with respect to fossil and NF sources. A large 222 contribution of NF sources to WINSOC (64 ± 7%) was observed in this study, comparable to 223 previous studies performed in urban areas of Europe, e.g., Gothenburg (55 ± 8%) and Zurich (70 ± 224 greater. WSOC is regarded as a mixture of SOC and BB-derived POC, whereas WINSOC is 229 mainly composed of POC from FF combustion, BB and biogenic sources. In this study, the ratio 230 of WSOC to OC increased significantly with an increase in the proportion of NF sources in OC (r 231 = 0.531, p=0.016); this implies that POC from BB is more water-soluble, or that more NF-derived 232
VOCs were involved in SOC formation. 233
Source apportionment of different carbon fractions 234
A source apportionment model for carbonaceous aerosols, including primary and secondary 235
sources, was applied in this study using measured carbon fractions, anhydrosugars, and SOCnf and SOCf, in total carbon (TC) for the 10 urban cites during the sampling period. On 259 average, the largest contributor to TC was SOCnf, accounting for 46 ± 7% of TC, followed by 260
SOCf (16 ± 3%), POCbb (13 ± 5%), POCf (12 ± 3%), ECf (7 ± 2%) and ECbb (6 ± 2%). The 261 proportion of primary sources (POCnf + POCf + ECnf + ECf) (average = 38 ± 9%; range: 25-56%) 262 was lower than that of secondary sources (SOCnf + SOCf) (average = 62 ± 9%; range: 35-83%), 263 which underlines the importance of SOC in carbonaceous pollution. 264
It should be noted that the model uncertainties in these contributions depended mainly on 265 correction factors, such as the (POC/Lev)bb emission ratios for wood burning, and on conversion 266 factors used for determining the fc in 14 C analysis. Typical relative uncertainties were recently 267 estimated, using a similar modelling approach, at 20-25 % for SOCnf, SOCf, POCbb, and POCf, 268 and ~13% for ECf, and ECbb (Zhang et al., 2015a) . A large fraction WINSOC can be from 269 secondary organic aerosol as well. Hence POCf is an upper limit of POCf. SOCf may be 270 overestimated if a small fraction (e.g. <20%) WSOC is not secondary, so SOCf may be an upper 271
limit. Meanwhile, SOCnf may also include other non-fossil sources such as cooking and biogenic 272
emissions, however, they should be limited during wintertime (e.g., <20%). Therefore, our13 estimates of SOC many generally represent an upper limit but this will not change our conclusion 274 towards to the spatial distribution of SOC in China. 275 POC and EC aerosols are independent from atmospheric gas reaction conditions and thus 276 directly reflect the characteristics of local emission sources. The total proportions of ECf and POCf 277 ranged from 10-38%, with an average of 19 ± 9% for all sites. The total proportions of ECf and 278
POCf in northern and southern China were greater than in western central and eastern coastal 279 China, indicating a higher impact of FF on local air pollution in both regions. The ratios of POCf 280
to ECf (0.66-3.32) were within the emission ratios between coal combustion (2.7-6.1) ( 
Comparison of chemicals between samples by PM2.5 concentration 301
Two samples, one each with a low and high PM2.5 concentration, were obtained from all 10 study 302 sites ( Figure S1 ) for 14 C and inorganic ions analysis, to investigate the composition of 303 carbonaceous aerosols and evaluate the importance of FF and NF carbon in haze formation across 304
China in early winter. During sampling, the air masses generally moved in a northwesterly to 305 northeasterly direction to reach the site. The 5-day back trajectory analysis revealed relatively 306 lower concentrations of PM2.5 when the wind speed was higher, and relatively higher PM2.5 levels 307 when the wind speed was lower and more stable; synoptic conditions apparently promoted the 308 accumulation of particles (Figure 3) . 309
Theoretically, the aerosol composition at higher wind speeds should reflect regional background 310 aerosol characteristics. Figure 3 shows the PM2.5 chemical compositions of the stage for lower 311 PM2.5 concentration during sampling period. Here, due to the different conversion factors used to 312 transform WINSOC to WINSOM (1.3), and WSOC to WSOM (2.1), OM calculations were based 313 on the relative contributions of WSOC and WINSOC to OC. TOM is the sum of EC, WINSOM 314 and WSOM. Generally, TOM contributions to PM2.5 ranged from 21-38%, except in Guiyang 315 where a value of 8% was observed. Moreover, OM was comprised mainly of NF emissions. In 316 cities in northern China (Beijing, Xinxiang and Taiyuan), the contribution of WINSOM (both FFseason. Simultaneously, the lower NO3 − /SO4 2-ratios also implied that POC from FFs might be 319 derived predominantly from coal combustion. The 5-day back trajectory analysis showed that the 320 air mass came from northern China, including regions such as Inner Mongolia and Hebei province, 321
where the ambient temperature is always below 10 o C during this season. It is very common for 322 local rural residents to burn coal or biomass fuel to generate heat for their households. Therefore, 323 coal and biomass fuel combustion in northern China might be the major contributor to regional 324 carbonaceous aerosols in northern China during this season. In other cities, WSOM levels in both 325 FF and NF were much higher than those in WINSOM, showing the importance of SOC across 326
China. However, NO3 − /SO4 2-ratios in Shanghai, Nanjing and Wuhan were much higher than in 327 other areas. The back trajectory results showed that the air mass came from northern China or the 328
Yangtze River Delta, implying that traffic exhaust emissions in those regions was more important 329 for carbonaceous aerosol composition. 330
The chemical compositions of the higher PM2.5 samples obtained in each city are shown in 331 Figure 3 . There were no dramatic changes in the carbon source or composition in any of the cities; 332 however, the contribution of EC and WINSOM to both fossil and NF fuels increased significantly, 333 along with the NO3 − /SO4 2-ratios, indicating the importance of POC from local regions. The back 334 trajectory results showed that wind speeds were moderate and stable, and that synoptic conditions 335 apparently promoted the accumulation of particles derived either from local or regional sources. 336
Conclusion 337
respectively. The 14 C results, for the lower and higher PM2.5 concentration sample pairs obtained 341 in each city, indicated that, overall, NF emissions constituted a significant proportion of TC 342 (average = 65 ± 7%) at all sites, i.e., higher than FF sources. Furthermore, about half of the EC 343 was derived primarily from BB (average = 46 ± 11%), and over half of the OC fraction came from 344 NF sources (average = 68 ± 7%). Source apportionment analysis was done using 14 C and unique 345 molecular organic tracers. On average, the largest contributor to TC was SOCnf, accounting for 46 346 ± 7% of TC, followed by SOCf (16 ± 3%), POCbb (13 ± 5%), POCf (12 ± 3%), ECf (7 ± 2%) and 347
ECbb (6 ± 2%). When relatively lower PM2.5 concentrations were observed, OM was dominant in 348 carbonaceous aerosols, mainly from NF. POC played a major role in regional air quality in the 349 cities in northern China, while SOC contributed more in cities in other regions of China, such as 350 fossil fuels (ECf), EC derived from burning biomass (ECbb), BB-derived primary organic carbon 594 (POCbb), POC derived from FF (POCf), non-FF secondary OC (SOCnf) and SOC derived from FF 595 (SOCf) in total carbon (TC) for 10 urban cites during the sampling period. 596
